The formation of ZnSe via a mechanically-induced self-sustaining reaction (MSR) from a Zn/Se mixture showed that only size reduction and mixing of the reactants without product formation occurred during the induction period prior to ignition. Therefore, all mechanical energy supplied by the planetary mill during this time, called the ignition time (t ig ), was used exclusively in the activation of the reactants. This system was chosen to study the dependence of t ig on the main parameters characterising the milling intensity of planetary mills. The variation of the ignition time with the process conditions reflected changes in the mechanical dose rate of the planetary mill. A direct relationship between the inverse of the ignition time and the power of the planetary mill was established, which allows the validation of theoretical models proposed in the literature for the energy transfer in milling devices and the comparison of milling equipment efficiencies.
Introduction
Milling is a significant unit operation in the many fields such as chemistry, pharmacy, mineral processing, and materials science. Many types of mills are employed in these fields and are ideally suited for wet or dry grinding processes, size reduction and dispersion, and deflocculation in solid-liquid systems [1] [2] [3] . When a chemical reaction is produced during milling, the process is commonly referred to as mechanochemistry, and the mill device must be considered a reactor. Mechanochemistry is generally performed in high-energy ball mills using powder reactant mixtures. During milling, the intimate mixing of reactants and the continuous creation of fresh interfaces and defects enable the gradual progression of solid state reactions at room temperature.
In many highly exothermic powder mixtures [4, 5] , ball milling can generate mechanically induced self-sustaining reactions (MSRs). An MSR process begins with an activation period, during which size reduction, mixing, and defect formation take place. At a given milling time, called the ignition time (t ig ), a self-sustaining reaction is initiated and a reaction front propagates through the powder charge inside the vial. The ignition time depends on the experimental conditions and the chemical system under investigation [6] . MSR processes are comparable with self-propagating high-temperature synthesis (SHS), and they have similar requirements regarding the self-heating capacity of the mixtures.
The study of MSR processes is of fundamental importance because they can provide valuable information about the energy supplied by the milling devices during milling operations and the mechanisms of mechanochemical reactions [6] . MSR, in comparison to other mechanochemical processes, has the advantage of ignition time. This reproducible parameter can be measured by detecting the abrupt temperature increase of the milling vial [7] or the total pressure inside the vial [4] as a consequence of the heat released from the highly exothermic reaction. Ignition is a key moment in MSR that corresponds to a well defined 3 critical state of the powder reactants that is reached when the mill device has provided the net amount of energy necessary to generate a self-sustaining reaction. This mechanical energy per unit mass needed to ignite a specific reactant mixture can be regarded as constant; therefore, the ignition time can be used as a reference point because its variation with process conditions reflects changes in the mechanical dose rate of the mill. This parameter also facilitates the comparison of reaction kinetics data obtained using different milling equipment and, consequently, their efficiencies [8] .
Since the original work of Schaffer and McCormick [9] , few works have focused on systematic studies of the effects of experimental milling conditions on the ignition time of MSR processes, and in most cases, the ball-to-powder ratio (BPR) was the only varied parameter [10] [11] [12] . Moreover, other studies have focused on the variation of the ignition time as a function of the composition of the reactant mixtures under otherwise identical experimental conditions [13, 14] . However, all of these studies were performed in SPEX shaker mills because ignition time can be easily determined from the temperature profile measured on the outer surface of the vial by attaching a thermocouple. This is not possible in planetary mills because the motion of the vial results in breakage of the thermocouple.
Tschaharov et al. conducted the first systematic investigation on MSR studying the formation of metal chalcogenides (mainly sulphides) from their constituent elements [15] .
They used a low energy vibratory mill; as a result, the observed ignition times were relatively long (up to 365 min for ZnS and 312 min for ZnSe). With respect to selenides, Susol [16] observed MSR effects in Mg-Se, Sb-Se, and Bi-Se mixtures using a shaker mill. Although some authors [17] [18] [19] [20] [21] have recently reported the formation of ZnSe by high-energy ball milling of elemental mixtures of Zn and Se, the occurrence of an MSR effect was not indicated because the milling products were generally inspected after long milling times, after ignition was likely to have occurred. However, in references 17 and 21, XRD diagrams of 4 milled powders suggest that a self-sustaining reaction took place during milling in planetary mills after approximately 12 to 18 min.
In this work, we report on ZnSe formation by an MSR process during milling in a planetary ball mill that has been adapted for determining the ignition time by measuring the pressure inside the vial. The influence of different milling parameters, such as the spinning rate, the charge of reactants, the number and type of balls, and the BPR on the ignition time was addressed. This work deals with the dynamics and efficiency of planetary mills and their dependence on milling parameters, irrespective of the specific phenomena occurring during the mechanochemical process. This study enabled a critical analysis of the models proposed in the literature to describe the energy transferred by planetary mills during operation by comparing our results with the theoretical predictions based on these models.
Experimental procedure
Zinc powder (99% pure, < 325 mesh, Strem Chemicals) and selenium powder (< 325 mesh, Alfa Aesar) were milled under helium gas (Air Liquide) for the synthesis of ZnSe by an MSR process using a modified planetary ball mill (Micro Mill Pulverisette 7, Fritsch), allowing operation at a constant gas pressure and the detection of self-sustaining reactions during milling (Figure 1 ). This was enabled by connecting the vial to a gas cylinder by a rotating union (model 1005-163-038, Deublin) ( Figure 1a ) and a flexible polyamide tube ( Figure 1b) and continuously monitoring the helium pressure with an SMC solenoid valve (model EVT307-5DO-01F-Q, SMC Co.) (Figure 1c ) connected to a data acquisition system (ADAM-4000 series, Esis Pty Ltd.) (Figure 1d ). At ignition, the exothermic reaction provoked an instantaneous temperature driven increase in the total pressure of the system that resulted in the appearance of a pressure spike in the time-pressure record, from which the ignition time of the process was obtained (Figure 1e ).
To explore the dependence of the ignition time on the milling conditions, different milling experiments were carried out by modifying the following parameters: the rotational speed of the planetary mill or spinning rate from 200 to 800 rpm (in the Pulverisette 7 mill, the ratio between the rotational speed of the supporting disc and the rotational speed of the vial in the opposite direction is -1), the powder charge from 3 to 9 g, the type of balls (15 mm WC, 15 mm steel, 15 mm Si 3 N 4 , and 10 mm steel balls) and the number of balls from 3 to 7 for the 15 mm balls. In each milling experiment, the powder charge (Zn and Se powders in a 1:1 stoichiometric ratio) and the milling balls were placed in a 45 mL tempered steel vial (67 HRC) and were ball-milled under 6 bars of high-purity helium gas. The vial was purged with helium several times, and the pressure was selected prior to milling.
X-ray powder diffraction diagrams were obtained with a Panalytical X'Pert Pro instrument (Eindhoven, The Netherlands) equipped with a θ/θ goniometer, Cu Kα radiation source (40 kV, 40 mA), secondary K β filter, and an X'Celerator detector. The diffraction diagrams were scanned from 20º to 80º (2θ) in step-scan mode with a step size of 0.05º and a counting time of 80 s/step.
The DSC experiments were conducted with a Setaram DSC 111 instrument with a sensitivity of 1 mV/s. A flow of helium gas of 20 ml/min, a heating rate of 10 ºC/min from room temperature to 800 ºC and 25 mg of powder were always used.
Results and discussion

Formation of ZnSe by MSR
Preliminary milling experiments were performed in order to provide information about the mechanochemical synthesis of ZnSe and confirm the appearance of an MSR process. Five grams of an equiatomic mixture of Zn and Se and seven steel balls with a diameter of 15 mm (m = 13.56 g), equivalent to a BPR value of 18.98, were placed in the vial (about 1/3 filling) 6 and submitted to milling at 500 rpm in a helium atmosphere. The milling was stopped at several incremental times (every 3 min), and a small amount of the powder mixture was taken for examination by XRD. The XRD and DSC results indicate that during the induction period before ignition, milling mainly led to the mixing of reactants, size reduction and creation of lattice defects without product formation; therefore, it can be assumed that all of the mechanical energy provided by the planetary mill to the powder mixture was used exclusively in the activation of the reactants to reach the critical state that caused their ignition. Accordingly, taking as a reference the ignition time, i.e., the time required to attain this critical state and assuming that for the Zn/Se mixture, this critical state was reached when an exact energy dose was provided, this reaction is appropriate to study how t ig and, therefore, the power supplied by the planetary mill depends on the main milling parameters. Moreover, as the ignition in this system was observed after a few minutes of milling, the experimental parameters could be varied over a wide range because ignition always took place after convenient milling times. 8
Dependence of t ig on milling parameters
Spinning rate
The first set of experiments was performed in order to investigate the effects of the spinning rate of the planetary mill on the ignition time of the Zn/Se reactant mixture ( Figure   4a ). For all of the experiments, seven WC balls with a diameter of 15 mm (m = 26.39 g) and 5
g of powder charge were employed. Figure 4a shows that t ig decreased as the spinning rate increased. A very short ignition time of 85 seconds was found for the maximum spinning rate of the mill, whereas a long time of 3.5 hours was observed at the lowest rate used. This trend shows that the product can be obtained by MSR even at a very low spinning rate because the continuous milling in a regime of low intensity does not cause the formation of ZnSe by the classical diffusion process that could act as an inert inhibitor to ignition.
The strong dependence observed between the ignition time and the spinning rate is an expected result because the spinning rate can be considered the most important parameter concerning the energy transferred to the powder charge in a planetary mill because it determines both the frequency and intensity of ball collisions. It has been proposed, based on a collision model [24] [25] [26] , that the power supplied by a planetary mill is proportional to the third power of the spinning rate. From the data in Figure 4a , the same third power dependence between the inverse of the ignition time and the spinning rate (1/t ig µ spinning rate 3 ) can be obtained, as clearly shown by the log-log plot in Figure 4b . This result confirms that the variation of the ignition time with the experimental conditions reveals variations in the mechanical dose rate delivered by the planetary mill, and a direct relationship between 1/t ig and the power transferred from the mill to the powder charge can be assumed.
Powder charge.
The BPR is also an important parameter directly related to the milling intensity, and it has a significant effect on the time required to reach a particular state. This parameter can be varied by changing the powder charge or the number and type of balls. Both effects were studied separately, and a second set of experiments was performed in which only the powder charge was varied and all of the other parameters were held constant. Seven steel balls with a diameter of 15 mm (m = 13.56 g), a spinning rate of 500 rpm and powder charges of 3, 5, 7, and 9 g were used. 
Type and number of balls.
In the third set of experiments, the type and number of balls were the only parameters varied. Three types of 15 mm balls were employed: WC, steel, and Si 3 N 4 , and the number of balls was varied from 3 to 7 for each type of ball. A powder charge of 5 g and a spinning rate of 500 rpm were always used. The dependences of t ig on the number and type of balls are illustrated in Figure 6 , which shows that the three types of balls behaved similarly with the varying number of balls. When the number of balls was reduced, the number of collisions was 10 also reduced and, consequently, the time needed to induce ignition was increased. We will see later that for 3 balls, the number of collisions is not the only parameter to consider.
The use of more than five balls only produced a slight decrease in ignition time, despite the expected increase in the number of collisions. This suggests that even if the number of collisions increased, a decrease in their efficiency, i.e., the energy transmitted per collision, must have occurred. The filling of the vial is also a parameter that must be considered. If there is not enough space for the balls to move freely inside the vial, the number of collisions between balls increases at the expense of the number of ball-wall collisions, which more efficiently transfer energy to the powder mixture. 
Ball-to-powder ratio (BPR).
There is a general consensus that the milling intensity is sufficiently characterised by the frequency of movement of the mill and the BPR ratio employed, regardless of the number, material, and size of the balls and the powder mass processed. For this reason, quite often only these two parameters are specified in milling studies. This was simply proved because the characteristic shrill sound of collisions is not heard during milling [27] . Because the balls slide, the energy supplied to the powder is primarily transferred by friction, which is much less effective than collisions. Therefore, the ignition time increases significantly. With 4 balls, collisions and friction occurred simultaneously. It is worth noting that the ignition of the mixture can also be induced by friction alone, which demonstrates that ZnSe is an ideal system to perform this kind of study.
Assessment of theoretical models describing the energy transfer in planetary mills.
The characterisation of the actual intensity of a milling treatment is a difficult task.
Several modelling attempts have been performed in order to quantify the energy transfer in planetary mills. For instance, models based on a kinematic approach [24] [25] [26] adequately describe the trajectory of a ball inside the vial of a planetary mill and suppose that collisions are the primary energy-transferring event. The energy of the impact is determined by the kinetic energy difference between the moment at which the ball detaches from the vial and when the ball, after flying at a constant speed, again reaches the surface of the vial and remains in contact with it. After each collision, the ball and the vial move jointly until the subsequent detachment. The total energy transferred to the powder mixture is then defined by the collision energy, the collision frequency and the milling time.
During a milling process involving a number of balls, the motions of the balls interfere with each other, and the total amount of energy transferred by the balls to the powder is not equivalent to the cumulative effect of the recurrent impacts of a single ball on the vial wall.
To account for this situation, the models introduce a parameter related to the filling of the vial. However, when several balls are put in a vial, successive small collisions with other balls, the lack of single ball-wall collisions, and the slipping of balls are produced, so that the real situation approaches a chaotic system [28] . Recently, it has shown that the ball motion in planetary mills recorded with a high-speed camera differs significantly from ball trajectories calculated using kinematic equations [29] . Therefore, the trajectory of a ball in such a situation is difficult to describe and energy calculations that assume well-defined trajectories and ball-wall collisions can be inaccurate, although correction parameters are introduced.
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In the previous section, it was shown that ignition time is sensitive to variations in the mechanical dose of planetary mills induced by changes in the experimental conditions.
Moreover, the dependence of the ignition time on the milling parameters allows the inference of a direct relationship between the inverse of the ignition time and the power delivered by a planetary mill. For these reasons, variation of the ignition time could be used to assess the theoretical models proposed in the literature to describe the energy transferred by a mill during operation. By way of example, the model of Burgio et al [24] was chosen because it describes the energy supplied by a planetary mill using only analytical expressions without any numerical calculation so that it was possible to more easily compare the quantitative predictions of the model with our observational data.
Assuming that the total energy transferred by the planetary mill per gram of the Zn/Se reactant mixture and required to induce ignition is a constant value, the Burgio model defines The results in Figure 8 also provide evidence of the sensitivity of the ignition time to the experimental conditions that determine the milling regime and the ability of t ig to 15 differentiate these regimes properly. Moreover, ignition time can be a helpful parameter in the difficult task of the scaling-up of planetary ball mills [30] , since it could also be used to experimentally validate the results based on computational simulations.
Comparison of efficiencies of milling devices.
The results shown in this work support the idea that the comparison of the ignition time of the same MSR process carried out in different milling devices can provide direct information about the efficiencies of mills. To illustrate this, the present results were compared with three works found in the literature, where the formation of ZnSe by MSR can be inferred: the work of Tschakarov et al. [15] , in which a low energy vibratory mill was used, and ignition was observed after 312 min and two more recent works by Rafea [17] and Achimovicova et al [21] , in which the formation of ZnSe in planetary mills took place after approximately 12-16 min and 15-18 min, respectively. Rafea [17] used a Retsch PM 100 planetary mill at 300 rpm, but unfortunately the BPR value was not provided. Achimovicova et al. [21] employed a Fritsch Pulverisette 6 planetary mill at 300 rpm with a BPR of 78.3.
If the data from references 17 and 21 are compared to those of the present work, an ignition time of approximately 15 min was observed using higher spinning rate, but lower BPR ratios. This ignition time was found for a BPR value of 37 and a spinning rate of 400 rpm, or a BPR of 19 and a spinning rate of 500 rpm. If it is supposed that all of these milling experiments were carried out under similar milling intensities, it can be deduced that approximately doubling the BPR value allows the reduction of the spinning rate of a planetary mill by 100 rpm. Comparing with the work of Tschakarov et al [15] , a long ignition time of 300 min was observed in the present work when the milling regime in the planetary mill was dominated by friction.
Conclusions
The formation of ZnSe from an equiatomic Zn-Se mixture that undergoes an MSR process has been used as an ideal system to study the dependence of ignition time on the main milling parameters characterising milling intensity in planetary mills. It was shown that ignition time, which can be considered to be the critical time needed to absorb the constant amount of energy required to ignite the reactant mixture, is highly sensitive to the experimental conditions. A third power dependence between the inverse of the ignition time and the spinning rate (1/t ig µ spinning rate 3 Linear relationship between 1/t 1g and the third power of the spinning rate. 
